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HYDRAULIC BEHAVIOUR OF FUNGAL TREATED SAND 47 

Salifu, E., El Mountassir, G., Minto, J., and Tarantino, A. 48 

ABSTRACT 49 

Engineered growth of the saprotrophic fungus Pleurotus ostreatus has recently been 50 

observed to induce water repellency in sands. As such, there is potential for the 51 

deployment of fungi to reduce water infiltration in granular soils. In this study, we 52 

investigate the influence of the growth of P. ostreatus on the hydraulic behaviour of a  53 

sand amended with organic matter (lignocellulose) over a 12-week period. This 54 

includes investigation of the water retention and quasi-saturated hydraulic 55 

conductivity properties and the response to ponded infiltration. Furthermore, we 56 

investigate alterations to soil microstructure due to fungal growth using X-ray micro-57 

computed tomography. Fungal treatment resulted in a shift in the wetting curves to 58 

lower suctions and drying curves to higher suctions, lower quasi-saturated hydraulic 59 

conductivity, and lower ponded infiltration rates. These alterations to the hydraulic 60 

behaviour are attributed to combined biochemical and biophysical effects of fungal 61 

growth leading to clogging of some soil pores by fungal hyphal biomass. These results 62 

illustrate the potential for the deployment of fungal treatment as a low-cost technology 63 

suitable for application at catchment-scale which could be used to enhance the stability 64 

of shallow slopes, cut slopes and retaining walls by maintaining higher soil suction 65 

and shear strength after rainfall events.  66 

Keywords: ground improvement, fungal mycelium, infiltration, soil water retention, 67 

quasi-saturated hydraulic conductivity, fungal mycelium   68 
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1 Introduction 69 

Water infiltration into soils results in an increase in pore-water pressure and an 70 

associated reduction in soil shear strength. In coarse-grained soils, this mechanism is 71 

responsible for triggering failures after periods of heavy rain, including (i) shallow 72 

landslides in natural slopes (e.g. Olivares and Picarelli, 2004; Springman, Jommi and 73 

Teysseire, 2004; Balzano, Tarantino and Ridley, 2019), (ii) failures in engineered 74 

slopes of industrial waste (Fourie, Rowe and Blight, 1999), (iii) instability of vertical 75 

cuts (Stanier and Tarantino, 2013) and (iv) failure of retaining walls (Scotto di Santolo, 76 

Evangelista and Evangelista, 2017).  77 

Remedial measures over extensive areas on natural slopes typically include soil 78 

nailing, geosynthetic reinforcement, ground stabilisation and drainage control. 79 

Traditional techniques use materials (e.g. cement, iron and steel) with a high 80 

embedded carbon and are most suited to targeting localised instabilities. Vegetation 81 

on the other hand is increasingly being considered as an engineering option due to its 82 

low-cost, ability to fix carbon and be deployed at a catchment-scale (Greenwood, 83 

Norris and Wint, 2004; Stokes et al., 2013). Vegetation can provide mechanical 84 

reinforcement (e.g. Waldron, 1977; Veylon et al., 2015) and induce beneficial 85 

hydrological/hydraulic effects. These effects include the interception of rainfall, 86 

enhanced soil water extraction via plant transpiration, fine root systems (<1mm) acting 87 

to clog pores and reduce soil hydraulic conductivity, all contributing towards 88 

maintaining higher soil suction, and higher shear strength (Pollen-Bankhead and 89 

Simon, 2010; Ng et al., 2013; Stokes et al., 2013; Leung et al., 2015; Boldrin, Leung 90 

and Bengough, 2020; Lu et al., 2020). On the other hand, studies have reported that 91 

thick roots can promote the formation of macropores, enhancing near-surface soil 92 

hydraulic conductivity and infiltration (e.g. Angers & Caron, 1998; Lu et al., 2020).  93 

While this may act to divert subsurface flow laterally acting as a drainage layer and 94 

reduce infiltration of rainwater to deeper soil layers (Balzano, Tarantino and Ridley, 95 

2019) in other soil-plant systems increased soil hydraulic conductivity, enhanced 96 

infiltration and preferential flow via thick roots can have a negative influence, 97 



4 
 

resulting in reduced soil suction at depth and contribute to slope instability (Ghestem, 98 

Sidle and Stokes, 2011; Dias, 2019).  99 

Recently synthetic water repellent soils created via organosilanes have been proposed 100 

for creating semi-permeable barriers on natural slopes to reduce infiltration; however, 101 

such treatment can lead to an in increase in soil erosion (depending on soil type) 102 

(Lourenço, Wang and Kamai, 2015; Zheng et al., 2017, 2019). Salifu and El 103 

Mountassir, (2020) proposed that water repellency could be engineered via fungal 104 

growth in sand using the saprotrophic fungus Pleurotus ostreatus (P. ostreatus). They 105 

demonstrated that extreme levels of water repellency (characterised by macroscopic 106 

contact angles > 110o as measured via modified sessile drop method) could be 107 

achieved in sands treated with P. ostreatus after 1 week of growth, and severe water 108 

repellency (contact angles >105o) was sustained for the duration of the 12-week 109 

growth period in depleting nutrient and moisture conditions.  110 

Fungi are ubiquitous and diverse organisms. Based on their mode of nutrition, soil 111 

fungi can be broadly classified into three main groups (i) saprotrophic fungi which 112 

decompose dead organic matter, (ii) parasitic fungi that colonise hosts and (iii) 113 

symbionts that exist in a mutually beneficial symbiotic relationship with plants, which 114 

include mycorrhizal species. Multi-cellular filamentous fungi grow as hyphae, which 115 

are elongated tubular structures, which enable the fungus to access nutrient sources. 116 

Hyphae typically have diameters in the range of 1-30µm and lengths from several 117 

microns to several metres (Islam et al., 2018). As hyphal growth continues, hyphae 118 

can branch into multiple hyphae and can anastomose; the network of hyphae is 119 

collectively known as the mycelium. Figure 1a shows typical growth of P. ostreatus 120 

in sand (with 1% organic matter) growing radially from a central inoculation source, 121 

with the mycelium visible in white. Figure 1b demonstrates the water-repellent nature 122 

of the sand surface due to mycelium growth. 123 

Mycorrhizal and saprotrophic fungi are known to contribute to soil aggregate stability 124 

in nature via physical enmeshment of soil particles with hyphae and the exudation of 125 

biochemicals which promote adhesion (Rillig and Mummey, 2006). Furthermore, soils 126 
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with fungal activity have been shown to exhibit enhanced resistance to wind and 127 

water-induced erosion (Vogelsang et al., 2004; Tisdall et al., 2012; Mardhiah et al., 128 

2016). Unlike mycorrhizal species, which are dependent on the availability of suitable 129 

symbiotic plants (and their required growing conditions), saprotrophic fungi could be 130 

deployed independently as a remedial measure to reduce infiltration and maintain soil 131 

suction in slopes. Thus, they could have additional application on natural and 132 

engineered slopes for example on non-vegetated bare soil surfaces, (i.e. immediately 133 

after landslides) without the need for plant colonisation, provided that adequate 134 

nutrients are available or can be provided to sustain the organisms. 135 

 136 

Figure 1. Mycelium of Pleurotus ostreatus growing radially from a spores-colonised substrate on sand 137 
amended with 1% lignocellulose, wi=11%. (a) Mycelial extent 4 days after inoculation (b) Water 138 
droplets on the surface of the sample after 4 weeks growth indicating mycelium induced water 139 
repellency. 140 

The overall aim of this paper is to experimentally investigate the hydraulic behaviour 141 

of sand treated with the saprotrophic fungus P. ostreatus, in order to assess its potential 142 

suitability as a technology for reducing infiltration. Specifically, the objectives are to 143 

compare (i) the soil water retention behaviour, (ii) the quasi-saturated hydraulic 144 

conductivity and (iii) the response to ponded infiltration of a sand in which fungal 145 

growth took place over a 12-week period, with that of corresponding untreated control 146 

specimens. Evolution of the soil microstructure due to fungal growth is also 147 

investigated. 148 
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2 Materials and sample preparation 149 

2.1 Soil 150 

A poorly-graded silica sand with Coefficient of Uniformity, Cu = 3.6; Coefficient of 151 

Curvature, Cc = 1.1) was used in this study, (classification based on BS EN ISO 14688-152 

2:2018). The particle size distribution of the sand was determined via dry sieving as 153 

shown in Figure 2. The sand was mixed with lignocellulose at 5.5% of the total mass 154 

of solids to form the soil composition. Lignocel® (HB 500 – 1000) is a commercially 155 

packaged natural softwood fibre processed and marketed by J. RETTENMAIER & 156 

SÖHNE GmbH. It is used in this study to serve as the organic substrate (i.e. nutrient 157 

source) for fungal growth. Lignocel has a total organic carbon content of 524 ± 7 g/kg 158 

and total nitrogen content of 1.5 ± 0.01g/kg, giving a carbon/nitrogen ratio of ~350. 159 

The particle size distribution of the lignocellulose, determined via dry sieving is also 160 

presented in Figure 2. 161 

2.2 Fungal suspension 162 

Pleurotus ostreatus (strain: M 2191) supplied by GroCycle UK in the form of active 163 

fungal spawn (fungal mycelium grown on a wheat substrate) was used in this study. It 164 

was stored at 4°C and used within 10 days after delivery. 165 

Inoculation of the soil was carried out using a spore/hyphal suspension of P. ostreatus, 166 

hereafter referred to as the fungal suspension. The fungal suspension was prepared by 167 

placing 50g of fungal spawn in a 500 mL conical flask containing deionised water (DI) 168 

and subjecting it to vigorous shaking, manually, for 30mins in order to release spores 169 

and hyphae into the water. The liquid was then filtered through a 2 mm sieve to remove 170 

any large solid mycelium fragments and spawn grains from the final fungal 171 

suspension. The suspension was freshly prepared each time and used to inoculate the 172 

soil specimens within 1-2 hours after preparation. 173 
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 174 
Figure 2. Particle size distributions of the sand and lignocellulose 175 

2.3 Preparation of samples for incubation 176 

The sand was thoroughly mixed with lignocellulose in the proportions shown in Table 177 

1. The sand-lignocellulose mixture was autoclaved at 121°C for 20mins to ensure the 178 

material was initially sterile. Under aseptic conditions, 283 cm3 of fungal suspension 179 

was added to the soil material and manually mixed in a bowl. For untreated specimens 180 

the same volume of DI water was used in place of the fungal suspension.  181 

Table 1: Composition and characteristics of samples 182 

Sample 

Sample composition & characteristics   
Mass 

of sand 
(g) 

Mass of 
lignocel 

(g) 

Liquid 
content* 

(w) 

Initial  
Dry Density 

(kg/m3) 

Initial  
Porosity⸸ 

(n) 

Degree of 
saturation 

(Sr) 

Treated 2403 141 
Fungal 

suspension: 
0.11 

1080 0.58 0.21 

Untreated 2403 141 DI water:  
0.11 1080  0.58 0.21 

*Liquid content = Mass of liquid/total mass of solids 183 
⸸Based on a particle density of 2.57 for this sand/lignocellulose composition 184 
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 Clear acrylic columns with inner diameter of 100 mm and a total height of 550 mm 185 

were used for incubation of the samples. A 50 mm thick layer of gravel was placed at 186 

the bottom of the column followed by a layer of non-woven geotextile to prevent the 187 

transport of soil particles into the gravel layer. The moist soil mixture was then 188 

compacted in 9 equal layers in the column, with each layer tamped to form a final 189 

sample of 300 mm length with an initial dry density of 1080 kg/m3. Pre-drilled slots 190 

for insertion of sensors on the column wall were sealed using foam plugs and cellotape 191 

prior to emplacement of the soil. After compaction, the top of the column was covered 192 

with a sheet of aluminium foil to reduce moisture loss and prevent contamination. 193 

Samples were stored in an incubator at 25°C, in the dark, for 12 weeks to allow for 194 

mycelium growth (i.e. fungal treatment) prior to testing.  195 

In total, 4 samples comprising 2 treated and 2 untreated were prepared and incubated. 196 

After incubation, one pair of columns (1 treated and 1 untreated) was sub-sampled (i.e. 197 

cut to a smaller height) for soil water retention testing  as described in section 3.1.3 198 

and Figure 3.  The second pair of untreated and treated columns were used for the 199 

infiltration test (section 3.2.1) and then subsequently for the  hydraulic conductivity 200 

tests (section 3.2.2). The infiltration and hydraulic conductivity tests were conducted 201 

on the full height of the incubated specimens (i.e. 300mm). 202 

3 Experimental procedures 203 

3.1 Soil water retention behaviour 204 

3.1.1 Experimental set-up 205 

The soil water retention behaviour for fungal treated and untreated soils during wetting 206 

and drying cycles was determined using the hanging water column technique.  207 

Negative pore water pressures were imposed in the soil specimen by controlling the 208 

level of water in a burette connected to the base of the specimen, see Figure 3b 209 

(Pagano, Tarantino and Magnanimo, 2018). The burette was raised and lowered in 210 

steps to increase and decrease pore water pressure respectively. Volumetric water 211 

content (θ) in the soil specimen was determined in two ways: (i) by determining the 212 

final water content of the specimen at the end of the experiment (θf) and knowing the 213 
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change in mass of water (recorded via the balance) occurring along a wetting path (∆θi, 214 

wetting)  and/or  occurring along a drying path (∆θi, drying) between a given step i and the 215 

end of the test. 216 

𝜃𝜃𝑖𝑖 = 𝜃𝜃𝑓𝑓 + ∆𝜃𝜃𝑖𝑖,𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 − ∆𝜃𝜃𝑖𝑖,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑑𝑑𝑑𝑑         (1) 

and (ii) local measurement of θ at 50mm depth using an ML2x-type Theta Probe 217 

(Delta-T devices). Similarly pore water pressure (uw) at equilibrium (static conditions) 218 

was determined in two ways: (i) by calculating the hydrostatic pore-water pressure 219 

imposed by the water level in the burette: 220 

𝑢𝑢𝑤𝑤 = ℎ𝑤𝑤ρ𝑤𝑤𝑔𝑔     (2) 

where ℎ𝑤𝑤 is distance of the water level relative to soil specimen mid-height, (ℎ𝑤𝑤is 221 

positive when the water level is above the mid-height of the specimen, and negative 222 

when it is positioned below), ρ𝑤𝑤 is the density of water and g is the acceleration due 223 

to gravity and (ii) local measurement at 50mm depth (specimen mid-height) using a 224 

T5x-5 pressure transducer tensiometer (5cm shaft length) from UMS Ltd.  225 

The negative water column technique requires the use of a high air-entry filter at the 226 

base of the soil specimen to ensure that the negative pore water pressure applied is 227 

transferred to the specimen while ensuring the drainage system remains fully 228 

saturated. However, a silt filter was used in these experiments instead of the 229 

conventional porous stone because it prevents the build-up of larger pores at the 230 

interface between the specimen and the filter, a phenomenon known as the wall effect 231 

which occurs at interfacial boundaries of sands or coarse-grained materials (Pagano, 232 

Tarantino and Magnanimo, 2018). The silt filter used has an air-entry value greater 233 

than 10kPa (Pagano et al., 2019). The negative water column technique was first used 234 

to consolidate the silt filter and later used to impose the wetting and drying paths to 235 

investigate water retention behaviour.  236 

 237 

 238 

 239 

 240 
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 241 

 242 

 243 

Figure 3. (a) Transfer of soil sample from incubation column into mould for water retention tests. (b) 244 
experimental set up for determination of the soil water retention curve for fungal treated and untreated 245 
sand 246 

3.1.2 Preparation of the silt high air-entry filter 247 

Silt, with a mean particle size of 25.2 µm produced from crushed quartz stone and 248 

commercially available as ‘silica’ was used for making the silt filter. A drainage pipe 249 
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with a valve (initially closed) connected to a burette was fixed to the bottom of the soil 250 

water retention mould (see Figure 3). A 100 mm diameter filter paper was placed 251 

inside the mould before gently pouring in the silt slurry prepared at water content, 252 

w=100%. The filter paper was aimed to prevent flow of the slurry into the drainage 253 

pipe. The slurry was left to settle for 48 hours. The height of water in the burette was 254 

adjusted so that it was just several millimetres above the height of the silt filter and the 255 

drainage valve opened to enable drainage of excess water (Pagano, Tarantino and 256 

Magnanimo, 2018a).  257 

Consolidation of the filter was achieved using the negative water column method. The 258 

burette was lowered in discrete steps to achieve a pore water pressure of   -7 kPa, 259 

applied in steps of 1kPa. This value is associated with the minimum pore water 260 

pressure imposed to the soil to characterise its water retention behaviour and therefore 261 

ensured that the silt filter did not experience plastic deformation when the soil was 262 

dried or wetted. Hydraulic equilibrium was targeted for the imposed pore-water 263 

pressure, indicating consolidation of the filter. This was observed by recording the 264 

change in water level of the burette and the mass of the silt filter determined from the 265 

balance. At the end of the consolidation process, the silt filter had a final height of 266 

10mm. The burette was then raised in steps until its water level was just above the 267 

surface of the silt filter, imposing zero pore water pressure on the surface of the silt 268 

filter. Given its preparation from a slurry state and that it has an air-entry value >10kPa 269 

suction, the silt was assumed to be fully saturated at this stage. 270 

3.1.3 Emplacement of soil specimen 271 

The requirements to consolidate the silt filter and to ensure it remained fully saturated 272 

throughout the experiment made it difficult to prepare the treated sample in the water 273 

retention mould from the outset, as the silt filter would have lost moisture during the 274 

fungal growth period (12 weeks) in the incubator. After emplacement of the silt filter, 275 

samples were therefore transferred from the incubation mould (specimen height 276 

300mm) into a shorter mould (specimen height 90mm) for the soil water retention tests 277 

as shown in Figure 3a. The bottom of the column bearing the 300 mm sample was 278 

removed and the gravel filter taken out. Using a pusher that fitted tightly within the 279 
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column, the sample was carefully pushed until it was flush with the base of the column. 280 

The column was then placed on to the water retention mould containing the 281 

consolidated silt filter, perfectly aligned. With the pusher and guided by linear scale 282 

and reference marks attached to the column, a 90 mm thick specimen was pushed into 283 

the mould and the top neatly cut using a wire hand saw. One tensiometer for 284 

monitoring pore water pressure (in the positive and negative ranges) and one 285 

ThetaProbe for measuring volumetric water content were then installed at 50 mm 286 

depth for determination of the soil water retention curves (Figure 3b). After 287 

emplacement the specimens had values of pore water pressure and volumetric water 288 

content (from sensor measurements) of -2kPa and 15.40% for the untreated specimen 289 

and -4.9kPa and 16.98% for the treated specimen. 290 

3.1.4 Wetting and drying procedure 291 

First wetting was achieved by raising the level of water in the burette in steps, from 292 

just above the top of the silt filter until it reached the same level as the top of the 293 

specimen, imposing zero pore water pressure at the top of the specimen. After each 294 

water level change, hydrostatic equilibrium was reached before increasing the water 295 

level. Equilibrium was indicated by no further change in mass recorded by the balance. 296 

After the first saturation (wetting), the water level in the burette was then lowered in 297 

stages to impose decreasing values of pore-water pressure along the drying path. The 298 

same processes were repeated to achieve the second wetting and second drying cycle.  299 

3.1.5 Sensor data quality check and calibration 300 

Soil water retention curves are presented in this study in terms of local measurements 301 

at a soil depth of 50mm. In order to check the response of the T5x tensiometer, the 302 

pore-water pressure measured by the tensiometer was compared to the one imposed 303 

by the water level in the burette at equilibrium. This comparison is presented in Figures 304 

4a and b for the untreated and treated specimens respectively and indicates a 305 

satisfactory response of the tensiometer sensor. Figure 4b also confirms that in the 306 

case of the fungal treated specimen that the negative pore-water pressure imposed by 307 

the hanging-column method could be transmitted to the soil specimen.  308 
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Given that the soil mixture is a non-typical soil composition containing lignocellulose, 309 

the ThetaProbe measurements of volumetric water content were directly calibrated 310 

based on the global volumetric water content determined for the untreated and treated 311 

specimens. The water content values returned by the ThetaProbe based on the default 312 

manufacturer calibration were treated as raw data and the parameters of a linear 313 

calibration were determined by best-fitting of the volumetric water content data 314 

derived from balance measurements. These parameters are reported in Table 2 and 315 

illustrate that the presence of fungal mycelium does influence the bulk dielectric 316 

permittivity. Figures 4c and d show the quality of the calibration established for the 317 

untreated and treated soil. The same calibration was applied to the ThetaProbe 318 

measurements of volumetric water content obtained during the ponded infiltration test.   319 

 320 
Table 2:  Thetaprobe calibration parameters for untreated and treated soil 321 

Specimen 
 

Intercept Slope 

Untreated 3.67 1.17 
Treated 10.05 0.81 

 322 
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 323 

Figure 4. Comparison of (a and b) pore-water pressure imposed by water level in burette with pore-324 
water measurements from tensiometer and (c and d) volumetric water contents determined from 325 
balance measurements and ThetaProbe for untreated (left: a & c) and treated (right: b & d) specimens. 326 

3.2 Ponded infiltration and quasi-saturated hydraulic conductivity tests 327 

3.2.1 Ponded infiltration test 328 

After 12 weeks of growth, the second pair of samples were taken out of the incubator 329 

and set up directly for infiltration testing (Fig. 5). The sensors were inserted through 330 

the pre-drilled slots into the specimen, and silicon sealant was used to ensure a water-331 

tight installation. The column was then left overnight to allow the silicon sealant to 332 

dry and for the sensors to equalise. The volumetric water content at this stage was 333 

~10% for the untreated specimen and ~18% for the treated specimen. The infiltration 334 

test was carried out by applying a constant head of water (25 mm) at the specimen 335 

surface. A sheet of non-woven geotextile material was placed on the surface of the 336 

specimen at the soil-water boundary in order to minimise soil disturbance while setting 337 
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the constant head. The wetting front and corresponding transient pore-water pressures 338 

were monitored using the ThetaProbes and tensiometers, a pair of each were installed 339 

at depths of 25, 150 and 275 mm (see Figure 5). Pore-air migrated upwards through 340 

the column during infiltration and also via the outlet at the base of the column. The 341 

time at which water infiltration commenced and the time when outflow started at the 342 

bottom of the column were both recorded. Shortly after steady state flow conditions 343 

were achieved (monitored via the balance measurements), inflow was stopped and the 344 

specimen was allowed to drain by gravity. 345 

 346 

Figure 5. Set-up of 1D infiltration column instrumented with tensiometers and ThetaProbe sensors 347 
connected to a data logger.  348 

3.2.2 Quasi-saturated hydraulic conductivity test 349 

Immediately after the infiltration test, the same specimen was then used for 350 

determination of the quasi-saturated hydraulic conductivity (ks) of the soil by 351 
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conducting constant head permeability tests (ASTM D5084-10). The specimens were 352 

initially quasi-saturated by raising the reservoir upwards gradually in steps until level 353 

with the surface of the specimen. For the untreated specimen, a degree of saturation 354 

of Sr = 0.98 was achieved after 4hrs whereas it took ~3 days to attain Sr = 0.86 for the 355 

treated specimen. ks (at 20°C) was determined in conditions of upward and downward 356 

flow through the specimen (as illustrated in Fig. 6) according to Darcy’s law:  357 

𝑄𝑄 =  𝐴𝐴𝑘𝑘𝑠𝑠𝑖𝑖  (3) 

where A is the cross-sectional area of the specimen, i is the hydraulic gradient applied 358 

across the specimen, and Q the flow rate.  359 

Since the hydraulic conductivity test was carried out at pore-water pressures close to 360 

or slightly greater than zero (up to 6 kPa), this test characterises the quasi-saturated 361 

hydraulic conductivity or the field-saturated hydraulic conductivity (Nimmo et al., 362 

2009), which is when the soil has been brought to a near-saturated state by water 363 

applied abundantly at the land surface, typically via rainfall or irrigation. This type of 364 

wetting usually traps air in a significant fraction of the pores, and as such the hydraulic 365 

conductivity is less than the conductivity in a totally saturated state which may be 366 

achieved by artificial means. It is relevant in problems such as rainfall-induced 367 

landslide hazard which fungal-treatment has potential to mitigate.  368 

For all the experimental set-ups described in sections 3.2.1 & 3.2.2, an advanced data 369 

logger and controller (GP2 from Delta-T devices) with Deltalink 3.6.2 software was 370 

used for acquisition and logging of data from the respective sensors, while the mass 371 

readings from the balance were continuously recorded via a serial port using Tera 372 

Term, an open-source programme. 373 

3.3 X-ray Micro-Computed Tomography scanning 374 

In order to better understand the influence of fungal treatment on soil microstructure, 375 

specimens were scanned using X-ray Micro-Computed Tomography (X-µCT). 376 

Untreated and treated specimens were prepared in accordance with the ratios of sand, 377 

lignocellulose, DI water/fungal suspension presented in Table 1. The untreated 378 

specimen was scanned 1 week after preparation. The treated specimen was scanned 379 
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16 months after preparation. Immediately after inoculation with the fungal suspension 380 

the treated specimen was incubated for 3 weeks in the dark at 25 oC, after which it was 381 

fully saturated, thereafter it was stored at 20±1oC and RH = 40±5%. Although the time 382 

after inoculation (16 months) is much greater for the X-µCT scanned treated specimen 383 

than the time at which the water retention, ponded infiltration and hydraulic 384 

conductivity behaviour was investigated (3 months), these scans still give a useful 385 

qualitative insight into the evolution of the microstructure with fungal treatment. 386 

The untreated and treated specimens were scanned in 3D using a Nikon Metrology X-387 

µCT system with 180 kV X-ray transmission target. Relevant X-ray acquisition 388 

settings were: 120 kV, 33 μA, 1415 millisecond exposure, and 3142 projections at 389 

0.1146° angular intervals resulting in a total scan time of 1 hour 15 minutes. The scans 390 

were reconstructed into a 3D dataset consisting of a series of 16-bit 2D slices with a 391 

resolution of 5.52 μm for the treated sample, and 4.66 μm for the slightly smaller 392 

untreated sample. In this dataset the X-ray attenuation (represented by the grayscale 393 

value) is approximately equal to the sample density hence air-filled pores have the 394 

lowest attenuation, sand grains have the highest attenuation. Lignocellulose, fungal 395 

mycelium biomass and water have similar grayscale values which lie between that of 396 

air and sand. 397 

Image processing of the 3D dataset was performed with the FIJI distribution of ImageJ 398 

(Schindelin et al., 2015) and consisted of cropping the central section of each scan to 399 

a 5x5x5 mm cube, then applying the Trainable Weka machine learning tool (Arganda-400 

Carreras et al., 2017) to segment the scan into three phases: pore space, sand grains, 401 

and combined lignocellulose/fungal mycelium/residual water. Given the similar 402 

density of lignocellulose, and thus the lack of x-ray attenuation contrast between 403 

fungal mycelium and water, it was not possible to segment these phases separately 404 

using the Nikon Metrology X-µCT system at Strathclyde.  405 

 406 

 407 
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Figure 6. Determination of ks via upward flow (left) and downward flow (right)409 
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4 Results 410 

4.1 Soil water retention behaviour 411 

Figure 7 presents the soil water retention curves based on the measurements obtained via the 412 

tensiometer and ThetaProbe at a depth of 50mm (specimen mid-height) for the untreated and 413 

treated specimens respectively during the first and second wetting-drying cycles.  414 

It should be noted that the base of the specimen was connected to a burette as shown in Figure 415 

3b. To impose a drying path for example, the level of water in the burette was decreased. As 416 

water flowed from the specimen to the burette, the water level in the burette increased a little 417 

until static equilibrium was eventually established. The values of pore-water pressure imposed 418 

by the water level in the burette under conditions of static equilibrium were therefore variable 419 

because they depended on the amount of water that flowed from the specimen into the burette. 420 

Figure 7 shows the static equilibrium data points as solid symbols and the data points derived 421 

from the sensor readings (tensiometer and Theta Probe) acquired during the transient stage with 422 

open symbols. The water retention data acquired under transient and static conditions are very 423 

consistent and were both used to characterise the drying and wetting water retention curves. 424 

The water retention curves are drawn manually to facilitate the reading of the plot.   425 

The untreated specimen undergoes gradual first wetting with a water-entry value between -1 426 

and -2 kPa pore-water pressure and gradual first drying with an air-entry value at around -1 427 

kPa pore-water pressure, which is consistent with the behaviour of sand (Pagano, Tarantino 428 

and Magnanimo, 2018b) (Figure 7a). As expected, the second wetting and drying paths follow 429 

the first wetting and drying paths. The maximum water content reached at a pore-water pressure 430 

of 0.7 kPa along the first wetting path is close to the porosity measured independently (n=0.56, 431 

note this is lower than the initial specimen porosity (Table 1) due to volumetric collapse of the 432 

untreated specimen during wetting). This indicates that the specimen was close to saturation 433 

(Sr=0.94) at the end of the first wetting path. In the untreated specimen, the ink bottle effect, 434 

the raindrop effect and air entrapment during wetting via capillary rise are likely to have 435 

contributed to the Sr<1 that was achieved (by imposing a very small positive pore-water 436 

pressure) and also the hydraulic hysteresis observed. This means that for a given negative pore-437 

water pressure, the untreated specimen exhibited significantly different volumetric water 438 

content depending on whether it was on a wetting curve or a drying curve.  439 

 440 
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 441 

(a) 442 

 443 

  444 
(b) 445 

Figure 7. Soil water retention curves for the (a) untreated and (b) treated specimens. Open symbols 446 
refer to data points acquired during transient stage, solid symbols refer to data point associated with 447 
static equilibrium. Water retention curves are drawn manually.  448 

In contrast to the untreated sand, the wetting curves of the treated specimens exhibit an on/off 449 

pattern, i.e. the water content increases sharply once the pore-water pressure increases above 450 
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the water-entry value. Along the first wetting path, there is little variation in water content over 451 

a relatively large range of (negative) pore-water pressures before the water content increases 452 

sharply at around -0.5kPa (water-entry value) (Figure 7b). At slightly positive pore-water 453 

pressure, the volumetric water content remains significantly lower than the porosity, with a 454 

degree of saturation Sr∼0.85. This relatively low degree of saturation is associated with infilling 455 

of pores with fungal biomass.  Water content decreases very gently along the drying paths and 456 

a sharp decrease in volumetric water content (i.e. the air-entry value along the drying scanning 457 

path) of the treated specimen is not captured within the pore-water pressure range tested (up to 458 

-6kPa). This indicates that the air-entry value has been shifted to a lower value of pore-water 459 

pressure (i.e. higher suction) due to fungal treatment and growth. It is evident that there is much 460 

greater hydraulic hysteresis in the treated specimen, particularly between the first wetting path 461 

and drying curves.  462 

The changes in water retention behaviour are associated with a change in pore-size distribution 463 

as also highlighted by the times required for equalisation to be reached after each change to the 464 

imposed pore-water pressure (i.e. level of the water in burette). The two wetting and drying 465 

cycles on the untreated specimen took 19 days to complete whereas it took 48 days to complete 466 

the test on the treated specimen.  467 

4.2 Ponded infiltration behaviour 468 

Figure 8 presents the evolution of volumetric water content and pore water pressure with time 469 

from the start of infiltration for both the untreated (U) and treated (T) specimens at depths of 470 

150mm (a, b) and 275mm (c and d). The readings recorded by the topmost sensors (at depth of 471 

25mm) are not presented because due to volumetric collapse of the untreated specimen 472 

(described below) the sensors were immersed in water after t= 6 mins rather than being 473 

embedded within the soil (see Fig 9aiii). Hence, the readings were not considered relevant for 474 

comparison with the treated specimen at the same depth. 475 

From Figure 8a & b, it can be seen that the infiltration front for the untreated specimen reached 476 

the sensors at a depth of 150 mm at t ≅ 2mins leading to an increase in volumetric water content 477 

𝜃𝜃 from ~10% to 61% and uw from -8.4 to 2.2 kPa within 3 mins. 𝜃𝜃 increased further to 76% by 478 

the 6th minute before stabilising at ~ 64% by the 30th minute, while uw stabilised at ~1.1kPa 479 

from t = 30mins. Based on the post-collapse porosity, a saturated volumetric water content of 480 

~52% was expected, however that assumes a uniform density is achieved throughout the 481 
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column after volumetric collapse, which appears not to have been the case. The very high 482 

volumetric water contents ~76% temporarily observed between 3-30mins are likely due to an 483 

expansion of the porosity within the middle section of the specimen temporarily, as volumetric 484 

collapse of the lower portion of the column occurred while the upper portion of the column 485 

was sustained by lateral friction. 486 

 487 
Figure 8. Evolution of volumetric water content (a & c) and pore water pressure (b & d) with time for the 488 
untreated (U) and treated (T) specimens during infiltration recorded at depths of 150mm (a & b) and 275mm (c 489 
& d). 490 

For the treated specimen, water did not reach a depth of 150mm until t ≅ 31 mins; this resulted 491 

in an increase in 𝜃𝜃 from 19% to 32.5% within 2 minutes (Fig 8a). Thereafter 𝜃𝜃 remained stable 492 

at 32.5%, and did not reach saturation (where 𝜃𝜃𝑠𝑠𝑠𝑠𝑤𝑤 ≈ 57%)  throughout the remaining ~8000 493 

minutes (5.5 days) of the test. Similarly, at t ~30 mins, uw in the treated specimen increased 494 

from -28.5kPa to ~1.8kPa (Fig 8b).  495 

It is evident in Figures 8c & d, that the wetting front in the untreated specimen reached both 496 

sensors at the depth of 275mm at t ~ 4 mins, reaching a volumetric water content of 50% (Sr = 497 
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0.89). Whereas for the treated specimen, changes in 𝜃𝜃 were not recorded until t = 168 mins and 498 

even by the end of the test (after 5.5 days of continuous infiltration) the saturated volumetric 499 

water content (of 57%) was not reached. A small increase in uw was observed to occur after t 500 

= 37 minutes, and a gradual steady increase from t = 127 mins, with all suction lost (uw = 0kPa) 501 

at t = 540 mins. This highlights that infiltration into the treated specimen was much slower than 502 

for the untreated specimen. The fact that unsaturated conditions prevail at a depth of 275mm, 503 

while pore water pressure values are positive (after t = 540 mins) indicates that infiltration in 504 

the treated specimen does not occur via a uniformly advancing wetting front (this is discussed 505 

further below).  506 

Figure 9 shows images captured during infiltration for the untreated and treated specimens 507 

between 0 – 60 mins and 0 – 200 mins respectively. At 3 mins after infiltration commenced, 508 

the untreated specimen had undergone volumetric collapse with the initial surface level 509 

lowered by ~20mm (Figure 9aii). The observed collapse/densification occurred because air in 510 

the pore spaces of the initially loose sand specimen (at a dry density of 1.08 g cm-3) were 511 

displaced by water as infiltration progressed, as such, there was a loss of water menisci at grain 512 

contacts, which were providing a stabilising effect in this loose specimen (i.e. volumetric 513 

collapse on wetting, e.g. Barden, et al., 1973). The low density of the specimens was selected 514 

in order to ensure adequate aeration for fungal growth. At t = 3 mins, the uniformly advancing 515 

wetting front in the untreated specimen had reached a depth of 230mm, and reached the base 516 

of the untreated specimen by t = 6 mins. At this stage, a further 10mm lowering of the specimen 517 

surface level was recorded and both sensors at a depth of 25mm now protruded above the soil.   518 

By t = 60 mins, steady-state conditions had been established (indicated by no change in the 519 

mass recorded on the balance below the specimen) and no further densification occurred. These 520 

conditions were maintained until t = 100 mins when the test was terminated.  521 

For the treated specimen, evidence of mycelium growth and specimen colonisation was visible 522 

in the form of white colouration and mycelial cords in the specimen (see Fig 9bi). At t = 3 523 

mins, a uniform wetting front had reached a depth of only 40mm (Fig 9bii) compared to 230mm 524 

depth at this time for the untreated specimen). No further advance in infiltration was observed 525 

until t=30mins, after which the initiation of preferential flow in the form of fingering was 526 

observed (see Fig 9biii). By t= 200 mins, preferential flow paths extended to the base of the 527 

specimen (Fig 9biv). A volumetric collapse of only 1% (change in height/initial height) 528 
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occurred in the fungal treated specimen during infiltration compared to a volumetric collapse 529 

of 10% that occurred during in the untreated specimen.  530 

(a) Untreated 
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Figure 9. Time lapse photography of infiltration into (a) untreated and (b) treated specimens.  531 

In summary, the wetting front in the untreated, advanced uniformly, as expected for a sand and 532 

reached the bottom of the specimen, within 6 minutes. In the treated specimen, the wetting 533 

front initially advanced uniformly, to d ~40mm within the first 3 minutes of the test, thereafter 534 

infiltration was delayed, before infiltration proceeded via preferential flow paths with sensors 535 

at d = 150mm responding in the range of t = 31-33 mins and at d = 275mm responding in the 536 

range of t = 130 – 168 mins. The clear change in flow regime below a depth of 40mm indicates 537 

that fungal biomass was more developed in the sand below this depth significantly altering the 538 

hydraulic behaviour of the sand. 539 
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4.3 Quasi-saturated hydraulic conductivity 540 

Quasi-saturated hydraulic conductivity was determined for both specimens by downward and 541 

upward flows. Figure 10 presents the discharge per unit area (flux) against hydraulic gradient 542 

for the untreated and treated specimens. Linear regression lines were fitted to the data points 543 

to obtain the respective quasi-saturated hydraulic conductivities ks. The average ks for the 544 

untreated specimen determined from both downward and upward flows was found to be ~ 1.34 545 

x 10-4 m s-1 while for the treated specimen it ranged between 3.1 x 10-5 to 5.2 x 10-5 m s-1. The 546 

results show that fungal treatment with P. ostreatus can reduce the quasi-saturated hydraulic 547 

conductivity of a sand by up to one order of magnitude.  548 

The difference in ks can be partly attributed to the different degrees of saturation achieved in 549 

the untreated and treated sand columns after submersion with water (Sr=0.98 and 0.86 for 550 

untreated and treated respectively). Also, the difference in quasi-saturated hydraulic 551 

conductivity of the treated specimen between upward and downward flow can be possibly 552 

explained in terms of different levels of saturation achieved. The pore-water pressures imposed 553 

in the upward flow test Figure 6 (left) are higher than those imposed on the downward flow 554 

test Figure 6 (right). This would have generated a slightly higher degree of saturation resulting 555 

in a slightly higher quasi-saturated hydraulic conductivity. Higher volumetric water contents 556 

were indeed measured in the treated specimen during measurement of ks in the upwards flow 557 

condition compared to the downwards flow condition (e.g. 48.6% and 46.72% respectively at 558 

a depth of 275mm).  559 
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 560 

Figure 10. Plot of flow per area vs hydraulic gradient for upward and downward flows in treated and untreated 561 
specimens 562 

4.4 Microstructural observations via X-µCT 563 

Figure 11 shows cropped sub-sections from scans of an untreated specimen (a – b) and treated 564 

specimen (c – h). Using the Trainable Weka machine learning tool, the 3-phase segmentation 565 

achieved are presented as pore space, sand grains and combined lignocellulose/residual water 566 

(as in Figure 11b) or lignocellulose/fungal mycelium/residual water (as in Figure 11d, f & h).  567 

For the untreated specimen (Figure 11a & b), it can be clearly seen that the sand grains appear 568 

loose and discrete, neither bound nor connected together by any phase. It is also clear from 569 

Figure 11 that the lignocellulose in the untreated specimen is angular in shape and exists as 570 

discrete objects separate from the sand grains.  571 

In the treated specimen, it was not possible to segment separately between 572 

lignocellulose/fungal mycelium based on a lack of x-ray attenuation contrast (i.e. the materials 573 

are of similar low density). However, they can be differentiated to an extent based on 574 

morphology by comparison with the detected lignocellulose in the untreated specimen (Fig 11 575 
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a & b). It is evident that some of the areas highlighted in green (e.g. Fig 11f bottom left) 576 

resemble the morphology of lignocellulose (angular, large shapes) however from their edges 577 

extends finer material. As the fungi use the lignocellulose as their carbon source, they digest 578 

this material and mycelium growth appears to originate and extend from the lignocellulose 579 

substrate in a less discrete and less angular form (centre of Fig 11f). Whereas in Fig 11h, the 580 

morphology of the area highlighted in green does not resemble that of lignocellulose (as shown 581 

in 11a & b) and is attributed to fungal mycelium growth.  582 

In the treated specimen, varying levels of fungal effects are observed. In Figure 11c & d, there 583 

are some small localised patches of fungal mycelium observed between two or three sand 584 

grains, but on the whole much of the sand grain surfaces in Fig11d appear to remain untouched 585 

by fungal mycelium. Whereas in Figure 11e & f, sand grains appear to be bound together and 586 

connected by interlinked patches of the combined lignocellulose/fungal mycelium phase. The 587 

fungal mycelium growth acts to both coat grain surfaces and enhance grain aggregation as seen 588 

in Figure 11f. Whereas, in Figure 11g & h extensive patches of fungal biomass  have formed 589 

within the pores between sand grains, this growth has contributed to reducing the sizes of some 590 

of the pores within the treated soil compared to the untreated soil and clogging some pores 591 

entirely. 592 
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 593 

Figure 11. Sub-sections of reconstructed 3D images of untreated (a – b) and treated (c – h) specimens obtained 594 
from x-ray microcomputed tomography scanning 595 
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5 Discussion 596 

5.1 Biochemcial effects of fungal growth on pore network 597 

P. ostreatus (and likely all filamentous fungi) produce hydrophobins, proteins which make 598 

fungi capable of hydrophobising hitherto hydrophilic surfaces and vice-versa (Wessels et al., 599 

1991; Wessels, 1996, 2000; Wösten, 2001). Salifu and El Mountassir (2020) demonstrated that 600 

after 12 weeks of growth of P.ostreatus in a sand (same soil and nutrient composition,  sample 601 

preparation and growth conditions as used in this study) resulted in macroscopic liquid-solid 602 

contact angles of ~105° as measured at the specimen surface using the modified sessile drop 603 

method. The results in this study show however that not all the pores within a fungal treated 604 

specimen become hydrophobic. If all pores within the treated specimen became hydrophobic 605 

then it would not have been possible to transmit negative pore water pressures to the specimen 606 

using the hanging-column technique. Figure 4b demonstrates that the negative pore water 607 

pressure imposed by the hanging-column technique was indeed transmitted to the soil 608 

specimen, and there was good agreement between the tensiometer measurements and the 609 

values imposed by the hanging-column. Inspection of the images obtained via X-µCT (Figure 610 

11) shows that fungal growth does not result in uniform treatment throughout the specimen, 611 

despite initial mixing of the fungal spore suspension with the sand/lignocellulose mixture. 612 

Indeed, in some regions the pores remained relatively unaffected by the fungal growth, in other 613 

regions mycelium is observed to bind grains together and coat grain surfaces, whereas other 614 

regions exhibited extensive biomass growth infilling pore space. Together, these results 615 

suggest that within a fungal treated soil there can coexist a continuous network of hydrophilic 616 

pores and a continuous network of hydrophobic pores. It is the hydrophilic water-filled pore-617 

network that allows for the transmission of pore-water tension imposed by the hanging water 618 

column and measured by the tensiometer. Whereas the hydrophobic pore network is not 619 

invaded by water and remains air-filled (as water cannot rise into these hydrophobic pores from 620 

the water in the burette). Figure 12 presents the capillary analogue for the pore networks in an 621 

untreated specimen compared with the pore networks in a fungal treated specimen. The 622 

coexistence of air-filled and water filled continuous networks is commonly observed in 623 

(untreated) unsaturated soils. In the suction range between the air-entry suction and the residual 624 

suction, pore-air and pore water are both continuous in the pore space and any change of air 625 

pressure or water pressure at the sample boundaries can be transmitted through the sample.   626 
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 627 
Figure 12. Capillary analogue of pore networks in (a) Untreated and (b) Fungal treated sand. 628 

5.2 Biophysical effects of fungal growth on pore network 629 

The growth of fungal mycelium also alters the physical structure of the pore-network. The 630 

microstructural analysis has indicated that as lignocellulose is digested fungal biomass is 631 

infilling pores and can contribute to reducing the number of pores available for water 632 

movement, as well as reduce pore diameter. Both the changes to the liquid-soil contact angle 633 

in some of the pores resulting from fungal produced hydrophobins (Salifu & El Mountassir, 634 

2020) and these physical changes to the microstructure contribute to the alterations to the 635 

wetting and drying curves observed: (i) the steep gradients of the wetting curves once water 636 

advancement into the pores is initiated, (ii) the reduction in the size of some of the pores 637 

requiring higher suctions (i.e. more negative pore water pressures) to drain water from the 638 

fungal treated specimen compared to the untreated specimen along the drying paths and (iii) 639 

the increase in hysteresis between wetting and drying curves. This is consistent with literature 640 

that has demonstrated increasing hydraulic hysteresis in soils with an increasing percentage of 641 

artificially created hydrophobic particles (Orozco and Caicedo, 2017). The combined effects 642 

of the hydrophobic nature of some of the sand grain surfaces and the reduction in the size and 643 

frequency of the smaller pores contributes to the delay to infiltration, the development of 644 

preferential flow paths within the fungal treated soil, and the reduction in the quasi-saturated 645 

hydraulic conductivity measured. Similar behaviour including a delay in infiltration and the 646 
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development of preferential flow paths has been observed for sands treated with hydrophobic 647 

compounds (e.g. Wang, Wu and Wu, 2000).  648 

Our findings are in contrast with results from other studies which have reported increases in 649 

infiltration and higher hydraulic conductivity (Crawford et al., 2012; Pajor, 2012) in soils with 650 

fungi present compared to soils with no fungal growth. The main difference is that those studies 651 

were all carried out in silty/clayey soils where fungal growth enhanced the formation of 652 

aggregates and subsequent creation of macropores, thus increasing porosity and pore 653 

connectivity (Crawford et al., 2012), whereas in sand our study has demonstrated that fungal 654 

growth contributes to pore filling. 655 

5.3 Limitations of study 656 

As a biological process, fungal mycelium growth is likely to exhibit some variability in the 657 

architecture and distribution of the mycelium formed, even under the same specimen 658 

preparation and growth conditions. As such the values of hydraulic properties presented here 659 

are not intended to be used for design but are a first step towards understanding the types of 660 

soil modification that can be induced by fungal treatment of granular materials. Indeed, it is 661 

recommended that future studies investigate the variability of hydraulic performance of fungal 662 

treated specimens under replicate conditions and in varying nutrient and environmental 663 

conditions.  664 

The X-µCT imaging conducted in this study has provided valuable insight into the pore 665 

modifications that can be induced by fungal mycelium growth. However, future studies will 666 

seek to explore phase-contrast tomography or heavy metal staining, emerging techniques for 667 

the study of 3D biological structures (Rawson et al., 2020), in order to improve the attenuation 668 

contrast between fungal mycelium and nutrient (carbon) substrates.  669 

5.4 Potential for in-situ applications 670 

Our results indicate the potential for fungal mycelium growth to be engineered in soils for the 671 

purpose of reducing infiltration in granular soils. Such a technology could have application in 672 

the treatment of hillslopes where failures are triggered in response to wetting in order to 673 

maintain higher soil suction and higher shear strength at depth following rainfall events. 674 

Indeed, the low dry density of the soil mixture used in this study (1080kg/m3) was motivated 675 

by the low dry densities which can be found in the near surface soil layers of natural hillslopes. 676 
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For example, Balzano et al., (2019) reported dry densities in the range of 300-750kg/m3 in the 677 

top 1m of soil (including cohesionless soil layers) for a hillslope susceptible to recurrent 678 

landslides. Fungal treatment at catchment-scale would be relatively low-cost and could be 679 

carried out in a manner similar to hydro-seeding, spraying fungal spores/hyphal suspension 680 

alongside a carbon nutrient source. 681 

P. ostreatus can grow extensively and increases in biomass within available pore space as long 682 

as environmental conditions are suitable (Salifu, 2019). In this study, P. ostreatus was 683 

inoculated into soil with an adequate carbon supply and water content and incubated at 25°C 684 

based on optimal growth conditions determined in Salifu (2019). After 12 weeks growth 685 

period, fungal induced water repellency still persists in the soil (Salifu and El Mountassir, 686 

2020) and there was evidence of massive hyphal colonisation of soils (Figure 9b). Evidence of 687 

continued fungal activity was observed in forms of fresh whitish patches of mycelial growth 688 

during the 48-day period of the drying-wetting cycles and the X-µCT images indicate that even 689 

16 months after inoculation, with no further supply of nutrients, the mycelium remains 690 

extensive, as seen in Figure 11. These observations of continuous/prolonged mycelial activity 691 

observed in the treated specimen lends support to the argument that a soil improvement strategy 692 

based on fungal mycelium would require minimal intervention, provided that suitable 693 

environmental conditions exist. 694 

 695 

6 Conclusion 696 

This study was undertaken to determine the influence of the growth of P. ostreatus on the soil-697 

water retention behaviour, ponded infiltration behaviour and quasi-saturated hydraulic 698 

conductivity of a sand amended with organic matter (lignocellulose), 12 weeks after fungal 699 

inoculation. An untreated control was set-up and compared with the treated specimen to 700 

determine the extent of modification to the soil hydraulic properties due to fungal growth. 701 

Findings from this work are: 702 

1. Fungal treatment resulted in modifications to the soil water retention behaviour, such 703 

that wetting curves were shifted to lower suctions and drying curves shifted to higher 704 

suctions due to combined biochemical and biophysical effects of fungal growth.   705 
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2. Fungal treated soil resulted in significantly lower infiltration rates compared to that 706 

obtained in untreated soil. This is attributed to clogging of some of the pore network by 707 

hyphal biomass and the hydrophobic biochemical secretions which act to increase the 708 

advancing contact angle in part of the pore network. These combined characteristics 709 

resulted in, significant delay in advancement of the wetting front, lower overall 710 

infiltration rate and the formation of preferential flow through tortuous paths in the 711 

treated sand.  712 

3. Due to the very low initial dry density (1.08g cm-3) of these specimens, the untreated 713 

specimen exhibited a volumetric collapse of 10% upon infiltration as it transitioned 714 

towards a saturated state and soil suction was reduced. In contrast the treated specimen 715 

exhibited only 1% volumetric collapse. The presence of hyphae and their enmeshment 716 

of the sand particles had a stabilising effect on the arrangement of soil particles during 717 

infiltration.  718 

4. The quasi-saturated hydraulic conductivity (ks) for the fungal treated soil was found to 719 

be an order of magnitude lower than the ks for the untreated soil.  720 

The results presented in this paper illustrate the potential for the deployment of fungal treated 721 

soils as a low cost, low carbon technique for reducing infiltration into slopes, or for creating 722 

semi-permeable layers deployable in the design of slow draining water holding layers in 723 

capillary barriers or as surface layers in geo-infrastructures utilised for water diversion 724 

purposes.  725 
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